Integrated optical devices offer dense, multifunctional capability in a single robust package but are rarely considered compatible with the fields of remote or distributed sensing or compete in the long-haul with conventional 'onedimensional' fibers. Here we aim to change that by introducing a 'flat-fiber' process that combines the advantages of existing low-cost fiber drawing with the functionality of planar lightwave circuits in a novel hybrid format. Adapted from MCVD fiber fabrication, our preforms are deposited and collapsed into a rectangular geometry before drawing, resulting in extended lengths of mechanically flexible flat-fiber material with a photosensitive germanium-doped planar core. Direct UV writing is then used to create arrays of channel waveguides within the core layer, using a 5 m focused laser spot that literally 'draws' refractive index patterns into the flat fiber as it moves. Having recently demonstrated simple building blocks for integrated optical circuits in millimeter-wide flat-fibers (including; channel waveguides, power junctions and splitters, and planar Bragg gratings), our next step is to incorporate structured windows at strategic points along the fiber to allow fluidic access to the evanescent field for local refractive-index-based chemical measurements. By taking this approach, we hope to extend beyond the limitations of traditional planar and fiber substrates, allowing exotic material compositions, device layouts, and local sensing functions to be distributed over extended distances with no coupling or compatibility concerns in highly functional distributed lab-on-a-chip devices.
INTRODUCTION
Biosensors now play a vital and essential role in medicine, environmental monitoring, and homeland security, with a forecasted market value of £5.7billion in 2007 [1] . Systems based on integrated optics form an increasingly important aspect of this growth [2] , combining dense format optical circuits with microfluidics to perform increasingly complex lab-on-a-chip functions. Here, the long-term operational stability offered by a thermally and chemically robust platform makes planar devices ideal for point-sensing applications in harsh environments, while the optical element offers exceptional sensitivity and spectral profiling [3] [4] . With solutions based on integrated optics gaining an increasing foothold within the sensor industry, identifying future architectures to expand this success into wider-ranging markets, applications, and systems is vital.
Commercially speaking, the most commonly used platform for integrated optical systems is that of silica-on-silicon, a planar substrate material that draws many aspects of fabrication and commercial scaling from mature processes in the electronics industry (wafer fabrication, photolithography, surface relief etching, etc.). Drawing many parallels from the miniaturisation of bulk electronic components into the microchip, the field of integrated optics has inherited a great deal from silicon-based processing over the last few years, achieving rapid technological and financial growth, but also encountering some unique and interesting limitations to do with the manipulation of light. For example, while the 6inch(+) wafer format is ideal for processing high-volume batches of optically passive devices, the two most applicable techniques for depositing silica-on-silicon layers, Flame Hydrolysis Deposition (FHD) [5] and Plasma-Enhanced Chemical Vapour Deposition (PECVD), often suffer problems incorporating more esoteric dopants into the glass layer, making desirable active optical functions such as lasing and signal amplification difficult to achieve [6] .
By comparison, an equivalent fabrication technology to develop explicitly within the field of optoelectronics is that of the optical fiber -the staple component of all optoelectronics assemblies and systems. Here, bespoke production processes such as Modified Chemical Vapour Deposition (MCVD) [7] allow extremely high-purity low-loss optical fibers to be created with versatile dopants, compositions and profiles, resulting in low fabrication costs and high availability. This is evidenced by optical fiber technology forming the backbone of today's global telecommunication networks, providing efficient filtering, data amplification, and laser functionality, while also performing all of the longhaul aspects of optoelectronics (including getting light to and from integrated circuits). The extended length offered by the optical fiber format also naturally lends itself to long-range and distributed sensing applications over great distances [8] [9] , although more sophisticated processes can quickly expand to involve extensive looms of spliced fiber types and expensive ancillary components.
When reviewing the relative benefits of the above optical platforms, it soon becomes apparent that combining the best aspects of long-range interactions with parallel analytical point-measurements in an extended array could open unique opportunities for both integrated optics and distributed fiber sensing. However, with the current interface between silicon-mounted planar substrates and mechanically flexible optical fibers being the optical pigtail (where the two formats are quite literally glued together), the first step towards achieving this goal will be to maximise the compositional functionality of the host substrate while minimising component count to remove associated cost and assembly losses.
To this end, we present the development of a 'flat-fiber' format that provides a novel route towards integrating dense optical circuits into extended lengths of high-quality optical fiber. Our first demonstration is described in two stages, beginning with our technique for producing planarised fiber substrates via a modified MCVD fiber drawing process and followed by our system for defining integrated optical circuits via direct UV writing. This approach has allowed us to incorporate the benefits of versatile fiber compositions with channel waveguides on a single material platform, with no additional pigtails or connections between the integrated components. Characterisation of our first integrated optical building blocks (channel waveguides, power junctions, splitters, Bragg gratings, etc.) are presented, and future routes towards applying this technology in distributed lab-on-a-chip sensor functions are discussed.
FLAT OPTICAL FIBERS
In simple terms, our flat-fibre substrates are created by collapsing a standard optical fiber preform into a rectangular shape by applying a vacuum during the fiber drawing process. This rectangular shape is then preserved as the preform is drawn into extended lengths of high quality planar material.
Based on standard MCVD fiber manufacturing methods, this technique has been developed to preserve the important aspects of quality, simplicity, and mass-producibility of fiber processing, while incorporating as much additional functionality as possible. Manufacturing in this way offers a number of advantages over conventional planar deposition technologies, the most significant of which is the ability to incorporate higher and more varied dopant concentrations than FHD or PECVD samples. This is especially attractive from the viewpoint of increasing photosensitivity via germanium doping (photosensitivity is essential to the inclusion of integrated Bragg gratings for sensing applications) and for producing optically active devices containing rare-earth doped ions. Employing a fibre fabrication approach also eliminates many of the impurities associated with planar deposition techniques, potentially leading to much lower propagation losses, while the ability to vary the internal structure and aspect ratio of the flat fiber could allow arbitrary lengths of mechanically flexible planar substrates to be produced with a range of shapes and functions, including microfluidic channels.
Flat-Fiber Fabrication
In the MCVD process, reagent gases are passed down a rotating silica tube that is heated by an external burner that traverses back and forth. The reagents undergo high temperature oxidation upon reaching the burner and particles are deposited downstream on the tube wall. These particles are then consolidated into a glassy layer and the tube collapsed into a solid preform. In the initial stages of flat-fiber fabrication, core and cladding compositions are deposited inside a high-quality 20mm diameter SUPRASIL-F300 tube under usual MCVD conditions [7] . Our early samples feature standard silica cladding layers and a germanosilicate core with 10mole% of GeO 2 to provide photosensitivity and a core refractive index of ~1.46, the absolute concentration of which is determined by measuring the numerical aperture of a conventional preform fabricated using the same reagent gas flows. Note that during deposition it is beneficial to prevent collapse of the substrate by regulation of gas flow and internal tube pressure, a technique applicable even when high consolidation temperatures are required.
In a standard preform the substrate tube would be collapsed into a solid rod following the core deposition. To create a flat-fiber geometry however, the process is stopped after deposition and the substrate tube removed from the lathe and positioned in a conventional fibre drawing tower. The tube is then drawn to a circular capillary at low temperature and, once stabilised, a vacuum of ~15mbar below atmospheric is applied to the top of the substrate tube. Vacuum and fiber drawing parameters are then chosen to optimise the geometry of the flat-fiber core (this is the most critical aspect of the following integrated structure work), an early example of which is given in Figure 1 . Optimisation of this routine allows repeatable production of flat-profile substrates, with no obvious curvature of the core layer when examined using a high magnification visible microscope. While some variation of the external sample dimensions is evident, particularly at the edges of the sample, this does not affect subsequent channel waveguide definition in the core (see Section 3).
At the time of writing, sample lengths of several meters and end-face dimensions of a few millimeters with ~5 m-thick core layers in the flat-fiber geometry have been demonstrated and used as the host for integrated optical structures. Development of improved tube geometries and collapsing conditions for flatter, wider, longer, and more mechanically flexible fibers is the subject of continued investigation.
ADDING INTEGRATED OPTICAL STRUCTURES
Having prepared a new form of planar optical substrate, it is equally important to consider the process that will be used to incorporate integrated functions into the host material. For example, while the traditional planar processing techniques of photolithography and etching are ideal for producing high-volume centimetre-scale devices on 6inch wafers, it is not clear how such processes could be transferred to hundreds of meters of continuous substrate material. Instead, a more applicable route production-based scaling would involve a point-definition process that could be incorporated to the end of the fiber-drawing phase, allowing the substrate to be formed and circuit functions to be added in-situ before a protective outer cladding is applied.
Our chosen route to achieve this is direct UV writing, a rapid prototyping process used to literally draw waveguide structures into photosensitive materials with a computer-controlled UV laser [10] . Such point-to-point refractive index changes are ideally suited to the fabrication of both compact two-dimensional structures and longer interactive regions, allowing parameters such as the physical size and refractive index step of a channel waveguide to be controlled by adjustment of the focussing conditions, spot size, input power, and scan rate of the writing beam to facilitate precisely defined refractive index structures. 
Direct grating writing
A more advanced version of direct UV writing developed at the University of Southampton and used in the development of integrated optical planar sensor devices is direct grating writing, a single-step technique for simultaneous definition of channel waveguides with integral Bragg gratings [11] .
In our direct grating writing arrangement two focussed beams are overlapped to give a micron-order near-circular spot with an inherent interference pattern in one dimension (Figure 2) . Exposure of this intensity pattern into the photosensitive core of a flat-fiber results in a periodic change in refractive index that can be extended, plane by plane, into a long planar Bragg grating by on/off modulation of the writing beam during sample translation [11] . When the sample is translated under a constant writing beam the intra-spot interference pattern is averaged out and the focussed spot can be used to write standard channel waveguide structures, including the curves and junctions that form the basic building blocks of many larger integrated optical systems. It should be noted that the average local refractive index change induced along the length of a planar grating formed in this way also provides optical confinement of a propagating beam with similar conditions to a standard channel waveguide. The combination of these two techniques allows planar Bragg gratings to be inserted into complex UV-written devices in a single processing step, and is achievable as a direct result of the small writing spot developed for this process.
(a) (b) Fig. 2 . Illustrations of laser-based processing showing the difference between; (a) a single beam Direct UV Writing process, and (b) the two focussed interfering UV spots used in Direct Grating Writing. In both systems the substrate material is translated relative to a UV spot, which is used to create a positive refractive index change (illustrated to represent subsequent channel waveguide structures) in the photosensitive core layer of the sample.
In our system, fabrication of direct-UV-written channel waveguides with integral planar Bragg gratings is performed using a frequency-doubled 244nm argon-ion laser, a high precision 2-dimensional translation stage, and an interferometrically-controlled acousto-optic modulator. A beam splitter is used to create two separate beam paths at an intersection angle of 26°, and both beams are individually focussed and aligned to create a single 5µm interfering spot in the core layer of the flat-fiber. A range of direct UV writing conditions based on variations of path shape, speed, and laser power are used to optimise the optical properties of our channel waveguides and Bragg gratings, demonstrating integrated functionality in our flat fiber platform and providing a means to characterise the material properties of this new substrate type.
DEVICES AND CHARACTERISATION
Having developed the flat fiber and direct grating writing processes, our next step is to prove that these two technologies can be combined to realise integrated optical structures. Here, we demonstrate a series of experiments and devices that will form the basic building blocks of larger planar lightwave circuits and sensors. Channel waveguides, curves, Ysplitters, and planar Bragg gratings have been fabricated and tested in terms of modal characteristics, propagation loss, sample uniformity, photosensitivity, birefringence, etc.
Integrated optical structures: channel waveguides and Y-splitters
Our first demonstration of integrated optical functionality in our MCVD flat-fiber substrates was performed by fabricating a range of straight channel waveguides, S-bend curves, and Y-splitter junctions. These devices form the . ...
fundamental building blocks of many larger planar device types, while offering useful process and material information via characterisation of propagation characteristics.
Definition of channel waveguides in the photosensitive planar core of our flat-fiber substrates was performed by translating each sample in a straight line from one end-face to the other under the UV beam. A range of direct UV writing conditions were investigated by varying translation speeds from 10-100mm min -1 , with a constant laser power of 45mW and 5µm spot size. Under these conditions, all of the UV-written channel waveguides demonstrated optical guidance at both 633nm and 1550nm (Figure 3) . To demonstrate optical power routing functions, a range of direct-UV-written Y-splitter devices have also been produced in flat-fiber. Each Y-splitting junction incorporates an input channel waveguide that is bifurcated into two output waveguides via a pair of cosine-style circular arcs. Typical output separations of up to 100 m have been used to demonstrate power routing capability, with corresponding S-bend radii of a few millimeters. No specific optimisation of the writing parameters was performed for these early junctions, although early results indicate that the power splitting ratio between arms is near 50:50. These preliminary results demonstrate that larger and more complex waveguide layouts should be achievable in MCVD flat-fiber samples.
An additional observation to note from this early work was the high level of fluorescence emitted by the core layer upon irradiation with the UV laser, suggesting a large inherent material photosensitivity. This means that no hydrogen-loading process is required to increase the UV-induced refractive index change in these germanium-rich substrates (hydrogen is often used into enhance photosensitivity of lower concentration germanium-doped FHD and PECVD substrates), although such a process could be performed over several months to fully saturate the ~700 m thick flat-fiber samples.
Propagation loss
Propagation loss in our channel waveguide devices was investigated via a series of cut-back measurements, in which the optical throughput of different lengths of flat-fiber are analysed. Here, light is launched into channel waveguides of different lengths and the output power measured both in free space and by collection via butt-coupled fiber. With all other conditions being equal, any change in the optical throughput is assumed to be the result of material-based losses over the change of length. As the most is important aspect of this measurement is to minimise any changes to the launch conditions between different samples or waveguide lengths, our approach is to bond an optical fiber pigtail to the end of a flat-fiber waveguide a few centimeters long before cleaving and measuring the sample at various lengths. Performing the cut-back measurement in this way minimises any variation of the launch efficiency, although minor changes to the output facet will occur between cleaves. From the graph of Figure 4 an average propagation loss value of 0.2dB cm -1 was recorded from this early sample from free-space transmission measurements at the 1520-1565nm wavelengths from an Amplified Spontaneous Emission (ASE) source, a value similar to those quoted for silica-on-silicon samples. A slightly higher average value of 0.3dBcm -1 was recorded using a second butt-coupled fiber at the output of the device, which is most likely caused by less reproducible nature of this measurement. As cut-back processes do not offer an ideal measurement, 0.2dB cm -1 is suggested as an upper-limit for propagation loss in our flat-fiber channel waveguides and is expected to be greatly reduced with optimisation of the fiber drawing process and direct UV writing parameters.
Substrate analysis using direct UV-written planar Bragg gratings
In order to optimise our flat-fiber format for use in integrated optics, physical and optical assessment of layer flatness and waveguide birefringence must be performed. Direct grating writing again provides a useful approach to this problem, allowing a series of identical Bragg gratings to be inscribed and assessed through the ~350 m thick cladding layer of early samples at various points across their width. Inherently, maintaining the overlap and interference pattern of two focussed 5µm spots places a stringent need for the core layer to be flat and uniform if channel waveguides and Bragg gratings are to be properly defined.
For this assessment a Bragg grating wavelength of 1550nm was chosen, for which a grating pitch of 532nm and direct UV writing fluence of 15kJcm -2 (a value based on laser power, spot size, and writing speed) were selected from previous results to match the ~ 1.46 refractive index of our fiber cores. These conditions give a typical refractive index increase of 5x10 -3 in our UV-written channel waveguides with near-circular mode profiles that should be well matched to standard telecoms fiber. Characterisation of the spectral response from each Bragg grating was performed using a 1520-1565nm ASE source, which is polarised and butt-coupled into each waveguide via a single mode fibre tipped with index matching oil. The reflected signal was assessed using an Optical Spectrum Analyser (OSA), as illustrated in Figure 5 . Even with the external 'bow-tie' profile of some of our early samples, planar Bragg gratings have been successfully demonstrated to prove that the core layer is uniform along the direction of propagation. The reflection spectrum from our first flat-fiber sample with integrated planar Bragg grating is shown in Figure 5 , the inset of which shows the grating reflection relative to the ASE spectra.
Measuring flat-fiber uniformity
Following this success we proceeded to fabricate identical gratings at selected points across width of various flat-fibers, allowing us to determine the lateral surface uniformity of each sample. A series of 1.5mm-long Bragg gratings with in/out channel waveguides are written into the fiber at 100µm spacing to allow comparative assessment across the flat core region. Here, any thickness variation will affect the effective refractive index of the fabricated structure with a resultant shift in Bragg wavelength, as described by the expression B =2 n eff , where B is the Bragg centre wavelength, is the grating period and n eff is the effective refractive index of the waveguide. Figure 6 shows the relative position and measured effective refractive indices of a set of Bragg gratings across the width of an example substrate. Bragg gratings 6 and 7 of this flat-fiber display multi-mode behaviour, which is attributed to the increase in core thickness as we approach the edge of the sample. Here, the layer variation was estimated via an RSoft 'Beamprop' Beam Propagation 
Substrate birefringence
An average birefringence of 3.3x10 -4 was measured across the above sample by successive launch and measurement of the difference in effective refractive index between TE and TM polarised light in each Bragg grating (Figure 7 ). This result shows a significant improvement to the 5x10 -4 birefringence levels common in conventional silica-on-silicon substrates and is likely due to the reduced inter-layer stress afforded by our process. Based on these early results, we believe that this birefringence can be further reduced via process optimisation. across the width of a flat-fiber sample (see Figure 6 for more information).
CONCLUSIONS
Flat-fiber has been demonstrated as a novel hybrid format that combines the advantages of existing low-cost fiber drawing with the functionality of planar lightwave circuits. Adapted from MCVD fiber fabrication, our preforms are deposited and collapsed into a rectangular geometry before drawing, resulting in extended lengths of mechanically In order to take full advantage of this new substrate format, direct UV writing has been used to create arrays of channel waveguides within the core layer, allowing demonstration of several integrated optical structures and investigation of inherent material properties. Having demonstrated simple building blocks for integrated optical circuits in flat-fibers a few millimetres wide, our next goal will be to incorporate structured windows at strategic points along the fiber length to allow fluidic access to the evanescent field for local refractive-index-based chemical measurements (Figure 8 ). This development will be based on our existing work on refractive index sensors in silica-on-silicon [3] and will require the development of a window structuring technique for transfer to the flat-fiber format. Longer term goals involve optimising preform and drawing parameters to produce thinner, flatter, more flexible substrates, with the potential to incorporate flat-fiber drawing with laser-based definition of integrated optical structures and sensor windows in single process chain. Incorporating active ions into the fiber composition, a process well established in MCVD, will be explored to provide active optical functions such as lasing and amplification in these materials. By taking this approach, we hope to extend beyond the limitations of traditional planar and fiber substratesallowing exotic material compositions, device layouts, and parallel local sensing functions to be distributed over extended distances with no coupling or compatibility concerns in highly functional distributed lab-on-a-chip devices.
